In the present investigation an analysis has been made of the fine structure of the interrelationships of cells in human forearm epidermis by means of the electron microscope.
INTRODUCTION
In 1863 SchrSn discovered characteristic spinous projections about the surfaces of epidermal cells (1) . He misinterpreted their functional significance, regarding them as pores in the surface membrane. M. Schultze (1864) assumed from a study of isolated epidermal cells that the spinous processes afforded a measure of mutual adherence between cells as a consequence of a presumed "cogwheel" type of interdigitation between the spinous processes of adjacent cells (2) . Bizzozero (1864) simultaneously reached similar conclusions (3) . Later, in 1870, after more refined observations, he asserted that the spinous processes of adjacent cells were * Initiation of this work was made possible by an American Cancer Society, Inc., Institutional Research Grant to the University of Washington, and after September, 1956, was aided by United States Public Health Service Research Grant, C-2764.
in end-to-end contact, thereby forming intercellular bridges (4) . At the point of union of apposed prickles he described a small node or swelling, which has since been known as the node of Bizzozero or desmosome.
Subsequently Ranvier (1879) contested this concept, stating that running from cell to cell were short filaments, each possessed of a central elastic nodule (5) . Three years later Ranvier (1882) provided the first description of intracellular fibrils in the epidermis, asserting that the intercellular bridges were an extracellular prolongation of the intraepithelial fibrils (6) . Hence, the concept evolved that the epidermis was pervaded by intracellular fibrils (later called tonofibrils) which passed from one cell to another through intercellular bridges. A voluminous and controversial literature pertaining to this subject has been carefully reviewed by Shapiro (7) , and more recently by Medawar (8) and by Montagna (9, 10) . De-HUMAN EPIDERMIS tailed summaries of conflicting opinions may be found in Shapiro's essay. Until very recently it was not at all clear whether or not tonofibrils passed from one cell to another via the intercellular bridge, nor was the precise morphology of the intercellular bridge understood.
The first description of the fine structure of intercellular attachments in epidermis was recorded by Porter in 1954 (11) . The observations were made on the epidermis of larvae of Amblystoma punctatum. Porter described the bridges as "small regions of contact shared by contiguous (epidermal) cells." They appeared to include thickenings of the membranes of both cells, and from the thickenings tufts of fibrous material were directed toward the interior of the cell. Selby (12) , demonstrated the existence in human epidermis of intercellular bridges comparable to those described by Porter. Later (13), she described dense thickenings of contiguous areas of cell membranes, separated by less dense material which she thought to be amorphous intercellular substance.
In the present investigation, preparations of human epidermis have been obtained which yield information confirming and extending the prior findings of Porter and of Selby. Most importantly, the areas of firm mechanical adhesion between epithelial cells, which are here called attachment zones, are shown to be more complex in structure than has been realized hitherto.
Material and Methods
Specimens of skin were obtained from the forearms of several healthy, white, human adults. A 2 ram. disk of skin was removed by means of a high speed electrically powered drill fitted with a hollow 2 mm. cylinder, sharpened at one end to form a cutting edge. The tissue was cut in smaller pieces and quickly immersed in ice cold 1 per cent osmic acid solution buffered at pH 7.3-7.38 with Michaelis' veronal acetate buffer, according to the recommendation of Palade (14) . Fixation lasted 20 or 30 minutes before washing and dehydration in alcohol. Tissue was embedded in a mixture of n-butyl methacrylate (80 per cent) and methyl methacrylate (20 per cent) and polymerized at 60°C. overnight. Sections were cut on a Servall ultra microtome (Porter and Blum) (15) . Specimens were mounted on 150 mesh copper grids covered with a formvar film stabilized by a thin film of evaporated carbon. Observations were made using an RCA model E.M.U. 2-C electron microscope fitted with objective aperture, compensated pole piece, and a specially stabilized power supply.
OBSERVATIONS
I. Intercellular Attachments.--Each epidermal cell appears to be attached to its neighbors by characteristic modifications of the cell membrane (Fig. 1) . These are the regions of the so called intercellular bridges. There occur irregularly about each cell margin dense plaques which appear to be thickenings of the cell membrane (Fig. 2) . Forty to fifty such areas may often be identified in the profile of a single cell as it appears in section. At each of these areas the margin of a neighboring cell possesses a comparable and precisely apposed dense plaque. A pair of attachment plaques, one from each of two adjacent cells, comprises the node of Bizzozero. Study of many such areas of paired attachment plaques has led to the conclusion that each dense structure is in its three-dimensional form an oval plate of more than 100 A thickness and about 0.3 to 0.7 ~ in diameter (Figs. 4 to 7) . The interval of lesser density separating the apposed discs is fairly uniformly about 350 A in thickness. Within this less dense zone, halfway between apposed plaques and in a plane parallel to them lies a thin dense lamina of about 50 A in thickness, but of less density than the thicker attachment plaques (Fig. 6) . This structure will be referred to as the intercellular contact layer because it lies at the midpoint between paired, apposed, attachment devices of adjacent cells.
A bundle of intracellular filaments of the epidermal cells approaches the internal face of each attachment plaque tangentially (Fig. 3) . Aggregates of filaments vary in diameter from 0.1 to 0.3 ~ and correspond to the tonofibrils of the light microscopists. The constituent filaments (tonofilaments of Selby) fray out near the attachment plaque and appear to attach themselves to the internal face of the plaque. There is no resolved striation of the plaque to suggest that it is composed of compacted tonofilaments and there is no evidence that fibrillar structures traverse the intercellular substance.
In several particularly favorable speci.mens additional fine details of the attachment zone were revealed. Two zones from one of these specimens are are shown in Fig. 8 . In this figure, one sees the attachment zones cut so that each displays a symmetrically disposed pair of densities lying one on either side of the intercellular contact layer, but distinguished from it and the adjacent attachment plaques by zones of lower density. These dense lamellae will be called intermediate dense layers.
One notes, further, an apparent lamellar substructure in the attachment plaques (Fig. 8) . In addition, there appears to be a dense striation across the tonofilaments immediately adjacent to their termination at the internal face of the attachment plaque.
Densitometric analysis was carried out on the complex substructures apparent in the specimen illustrated in Fig. 8 . A photographic positive transparency was made at 15 diameters enlargement from the original negative. This transparency was used for densitometric tracings taken normal to the long axis of the cross-section of the attachment zone.
In order to average out the noise-like irregular secondary peaks of density registered by photographic grain, several parallel tracings were made across the image of the attachment zone. These were transferred to transparent material, superimposed, and photographed. A photograph of an aggregate of 12 serial tracings is shown in Text- fig. 1 B. From these it may be concluded that the single tracing shown (Text- fig. 1 C) is representative. In order to orient the reader, a diagram of the cross section of the attachment zone comparably enlarged has been placed above the densitometric tracings in Text- fig. 1 A. (It may be added parenthetically that a densitometric tracing of the drawing was comparable to the original tracings.)
Attempts to measure the precise thickness of the dense layers which appear to be present in Fig. 8 , would lead to inaccurate conceptions concerning boundaries between layers, since the tracings show that it is not possible to assess accurately, borders of the dense components. Moreover, there may be relatively great errors due to the grain and contrast of the photographic emulsion. However, one can make significant measurements from densitometric tracings between any two peaks or troughs in the tracing. Such measurements are recorded above the densitometric tracings shown. It will be seen that the distance between centers of apposed attachment plaques is about 300 A. The intercellular contact layer lies at the midpoint between attachment plaques, and the intermediate dense layers are disposed 100 A on either side of the intercellular contact layer. The thickness of the attachment plaque cannot be assessed properly from the tracings. Reasonably consistent paired peaks with a shallow valley between occupy the broad summits of each. The two constituent peaks are more than 100 A apart. Within the epidermal cell, adjacent to the internal face of the attachment plaque, there is a faint striation across the terminal aspects of the tonofilaments. This density is registered as a broad peak in the aggregate densitometric tracings, although its existence could not be established from a single tracing (cf. Text- fig. 1 C) . Note can also be made qualitatively of the great density of the attachment plaques compared with that of the intermediate dense layer and intercellular contact layer. It may be stated that the least densities recorded in the intervening light layers are considerably greater than that of structureless cytoplasm within the epidermal cell (not shown in the tracings).
For purposes of reference the layers of lesser density will be assigned names. The zone of lesser density between the intermediate dense alyer and the intercellular contact layer will be called the distal light layer, and the low density layer between the intermediate dense layer and the attachment plaque will be identified as the proximal light layer. The terms distal and proximal are used ~ith reference to the corresponding attachment plaque.
Text- fig. 2 is a schematic drawing illustrating the concept of the attachment zone ("intercellular bridge") derived from this study. The epidermal cell membrane is continuous peripherally from the margins of the attachment plaque (which appears to be a specialized thickening of the cell membrane) in which are anchored the aggregate tonofilaments approaching the internal face of the attachment plaque. Hence cell membrane, tonofibril, and attachment plaque comprise a spine or a prickle; a pair of attachment plaques and the intervening light and dense layers comprise a node of Bizzozero; and a pair of "prickles" constitutes an intercellular bridge.
Intercellular attachments of this nature can be demonstrated in all layers of the epidermis (Figs. 9 to 12). In the stratum corneum the attachment plaques tend to lose their identity in a rather uniformly dense cell membrane, but intercellular densities corresponding to the intercellular contact layer can be seen at frequent intervals between the horny squamae. These densities provide the only points of contact between adjacent cornified cells ( 
II. Epidermal Cell Membranes.--Examination
of the remaining interepithelial surfaces of the epidermal cells reveals a striking degree of plication of the cell membrane, which is frequently further modified to form microvilli pervading the intercellular spaces (Figs. 13, 14, and 18). Microvilli and marked convolution of the cell envelope occur throughout the Malpighian layer; albeit the more superficially disposed cells of the stratum spinosum and stratum granulosum evince progres- (Fig. 16) . Bundles of tonofilaments appear to attach to these thickenings in some instances. The irregularity of thickness of the dense plates is accounted for by variation in the angles at which they are sectioned. It should be emphasized that the dense thickenings are analogous to the "bobbins" described by Weiss and Ferris (I6) in the basal surface of the epidermal cell of larval Amblystoma opacum. The dimensions in human material are not uniform nor are they disposed in such a regular pattern. The material examined is not sufficiently resolved to say that they do not possess the substructure described by Weiss and Ferris (16) .
Towards the dermis from the cell membrane, and separated from the latter by a uniform zone of low density measuring 300 A in width is a continuous, less sharply demarcated membrane (Fig.   15, bin) . This membrane is of lesser density than the plates of the basal cell membrane and varies in thickness from 150 to 450 A. It corresponds to the "dermal membrane" defined by Selby (12) and the "continuous sharp interface" of Weiss and Ferris (16) . It is here termed the basement membrane, since it corresponds to basement membrane of capillaries and of other epithelial layers.
The basement membrane is not recognizable as penetrating between folds of epithelial cell membranes nor between adjacent cells when these are less than 600 A apart. Filaments of collagen lie on the dermal side of the basement membrane, but they are not seen to penetrate the membrane itself.
IV. Melanocytes.--Distinctive cells, thought to
be melanocytes, appear infrequently between the lowermost projections of the basal epidermal cells. The cytoplasm of the melanocytes is free of the internal fibrillar architecture of the epidermal cell. The melanocytes lie above the basement membrane (Fig. 18) , and from them protoplasmic dendrites extend between the nearby epidermal cells (Fig. 17) . The presence of melanin particles within the cells and their processes serve to identify the cells as melanocytes. Processes of melanocytes are readily seen between and above the basal epidermal cells (Fig. 19) . They are not evidently affixed by any attachment device to adjacent epidermal cells. Frequently the presence of vesicles is observed just within the cell membrane of the 534 HUMAN EPIDERMIS melanocyte process and/or immediately beneath the cell membrane of an epidermal cell adjacent to the melanocyte process (Fig. 19) . The portion of the dendritic process close to the cell body of the melanocyte is not confined by the presence of intercellular bridges (Fig. 17) ; however, the more distal aspects of the processes are most frequently encountered distending the limited space between epidermal intercellular attachments (Fig. 19) .
Structures which appear to be nerve axons can be observed between the cells of the stratum spinosum (Figs. 20 and 21) . Their similarity to melanocyte processes devoid of melanin granules renders precise identification uncertain.
DISCUSSION

Intercellular Bridges:
There is a tenacious attachment between epidermal cells at the sites of the intercellular bridges. This was established clearly by the microdissection experiments of Chambers and de R6nyi (17) . Their observations were consistent with the original contention of Bizzozero that the spinous processes of adjacent epidermal cells effected an end-to-end contact. The work did not effectively refute the more popular concept of Ranvier that the intercellular bridges are a product of the continuation of tonofibrils from one cell to another. The Ranvier concept has been reaffirmed as recently as 1951 (18) . It appears that the principal reason for widespread rejection of certain of the Chambers and de R6nyi opinions was their denial of the existence of intraepidermal fibrils. It is not remarkable that many questions concerning tonofibrils and intercellular bridges could not be answered by light microscopy and by the relatively crude probes used in microdissection. The dimensions of, and distances separating, these structures are close to or below the resolving power of light microscopes.
Electron microscopic analysis has established that the intraepidermal fibrils are not continuous from cell to cell (11, 12) . Instead, epithelial filaments terminate at the dense thickenings of the cell membrane identified as attachment plaques in this communication.
Recently, Selby (13) observed "some homogeneous substance" between adjacent attachment plaques. She compared this material to "intercellular substance" of other tissues, stating that it became maximally dense in the stratum granulosum. She also observed that this substance condensed into a "thin dark area" in the stratum lucidum, and disappears in the stratum corneum. The intercellular contact layer described here (Figs.  6 and 8) is analogous to the condensed material described by Selby, but the intercellular contact layer has been demonstrated in all layers of the epidermis. Birbeck and Mercer's studies of the human hair bulb revealed a somewhat comparable "dense central band" appearing between cell membranes in the hair cuticle and in the layers of Huxley and Henle (19) .
The present study has shown the consistent appearance of the intercellular contact layer midway between apposed attachment plaques. Moreover, additional densities, intermediate dense layers, are evident symmetrically disposed between attachment plaques on either side of the inter~ cellular contact layer. Densitometric analysis indicates the relative densities of the prominent dense layers and more importantly, establishes that some hitherto unrecognized substance occupies the less dense portions of the attachment zone.
The lamellar substructure apparent within each attachment plaque has not been previously reported. The demonstration of a striation across the terminal aspect of the tonofilaments confirms for the first time an earlier observation by Porter (11) , who recognized one and sometimes two comparable striations in the "keratin filaments" of amphibian epidermis.
The complexity demonstrated in the intercellular bridge renders tenuous any simple speculation concerning the nature of the multiple layers between the attachment plaques. Selby (13) has suggested that the epidermal attachment zones resemble in many respects the intercalated discs of cardiac muscle (20) (21) (22) . However, the complex structure demonstrated in epidermal attachments raises a question as to the extent to which this similarity exists.
A redefinition of the structure of the intercellular bridges is as follows: The node of Bizzozero consists of a pair of attachment plaques, one from each of two contiguous epidermal cells, with seven intervening layers of different density occupying the 350 A space between apposed attachment plaques. Each attachment plaque is a dense oval plate (0.3 to 0.7 # in diameter and more than 100 A in thickness) which appears to be a greatly thickened modification of the epidermal cell membrane, and is itself possessed of a lamellar substructure. Intraepithelial fibrils (tonofibrils) approach the attachment plaque from the cell interior. Their constituent filaments (tonofdaments) fray out and evince a cross-striation near their termination at the internal face of the attachment plaque.
The complex of terminal tonofibrll, adjacent cytoplasm, and cell membrane is coupled at a node of Bizzozero with a similar complex from an adjacent epidermal cell to comprise the intercellular bridge of classical cytology.
Ceil Membrane:
The usual concept of an isolated epidermal cell is that of a prickle-studded sphere or burr. This concept evolves from the early observations of Schultze on isolated epidermal cells. It is strengthened by the conventional appearance of intercellular bridges in tissue sections. Little attention has been focused on the nature of those portions of epidermal cell membrane which are not directly involved in contacts with adjacent cells. Here again, the limitations of the light microscope prevent definitive observation. It is well known that in certain pathological states the spaces between intercellular bridges are so distended with edema fluid that the intercellular bridges themselves become more prominent. Indeed, Ranvier's earliest observations were made on pathological epidermis (5, 6). Evidently such observations have not led to much discussion of the properties of the epidermal cell membrane.
A highly convoluted epidermal cell membrane has been described in electron micrographs of frog skin (23) . The present analysis reveals similar phenomena in human epidermis, and further, indicates the presence of microvilli in the cell membrane. These findings are not entirely compatible with the older concept of the isolated epidermal cell--a concept which must be modified to account for a much greater surface area than has previously been recognized.
It is tempting to speculate that the complex plication of the epidermal cell membrane; (1) enhances transfer processes across cell membranes as a consequence of increased surface area; (2) permits transfer of large molecules or particles 
Epidermal Mdanocytes:
The rather extensive literature on melanin in the human epidermis has been carefully summarized by P. Masson (24) , to whom we are indebted for many of our current concepts. These views are reaffirmed in reviews by Medawar (8) , Becket (25) , and by Horstmann (26) , to which the interested reader is referred.
Melanin is produced in mammalian skin by distinctive cells now called melanocytes, but formerly identified variously as melanoblasts, pigmentary dendritic cells, stellate cells, or clear cells. They are disposed above the basement membrane between the basal epidermal cells, but tend to lie below the level of the epidermal cell. In conventional histological specimens melanocytes are the "clear cells," or "ceUules claires" of Masson. The name implies a relative chromatophobia of the cytoplasm, or perhaps a factitiously shrunken perikaryon. Large melanin particles are directly visible in the epidermal cells of most pigmented epidermis as brown or yellow granules. But melanin is rendered more readily visible by silver impregnation techniques, which reveal finer melanin particles. The sites of melanogenesis are localized by the "dopa" technique of Bloch (27) . This method has established that melanocytes are the sole producers of melanin. No function other than pigment production has been ascribed to the melanocytes. The cells are dendritic in nature, being possessed of tenuous processes which extend horizontally between and around the epidermal cells. Despite a lack of direct evidence, it is believed that melanin is transferred in some manner from melanocyte processes into adjacent epidermal ceils, the latter evidently being incapable of melanin synthesis. The precise mode of melanin transfer is not known.
Electron micrographs of melanocytes in human epidermis have not been published previously. Electron microscopy of melanocytes and pigment distribution in hair has been presented by Birbeck and colleagues (28, 29) . The scope of the present communication limits discussion to the identification of melanocytes and to incidental observations pertaining to the melanocyte processes and their relationship to epidermal cells. Electron micrographs have been presented showing cells in the appropriate location, equipped with dendritic processes and possessing a cytoplasm free of characteristic epidermal filaments, but containing dense particles interpreted as melanin (cf. 28). These findings are regarded as sufficient for identification of the cells as melanocytes.
Electron micrographs are made from such thin sections of tissue that it is unlikely that the course of the dendritic processes can be followed for any great distance in sections of skin cut in a plane perpendicular to the skin surface. In the present study such sections revealed numerous crosssections of cytoplasmic processes between epidermal cells. Those processes which contain pigment particles are interpreted as belonging to melanocytes.
In occasional sections fortuitously tangential to the basal surface of the epidermis, the continuity of the dendritic processes with the melanocyte perikaryon is directly visualized (Fig. 19) . In such instances, the presence of vesicles beneath the membrane of the melanocyte process and vesicles in the peripheral cytoplasm of the adjacent epidermal cell suggested an avenue for transfer of melanin particles, although no direct evidence of transfer was encountered. Bennett (30) has postulated that particulate matter may enter a cell from its external environment by being enclosed in a small invagination of the cell membrane. The invagination becomes pinched off within the cell to form a vesicle enclosing the foreign particles. He suggests that the reverse of this process could be a means for the extrusion of particulate matter. It is suggested that such mechanisms might account for the extrusion of melanin particles from the melanocyte process and their subsequent transport into an adjacent epidermal cell. Methodical examination of appropriate specimens of skin might reveal the various stages of these transfer mechanisms.
Attachment between Dermis and Epidermis:
The delicate membrane which frequently is seen between dermis and epidermis in histological preparations has been the source of a conflicting literatUre. Early workers were inclined to refer to the structure as basement membrane or basal membrane (31), although many other names have been introduced (32) . As the very existence of the "membrane" was disputed, workers in the second quarter of this century commenced referring to the dermo-epidermal junction, thereby avoiding the controversial word membrane. It was generally agreed among light microscopists that the basement membrane served to anchor the epidermis to the dermis and that the structure consisted of amorphous intercellular substance, enclosing a meshwork of argyrophilic reticular fibers into the interstices of which projected fine protoplasmic processes of the basal epidermal cells (34, 8, 10) .
The recent demonstration of a submicroscopic subepidermal membrane by electron microscopy (23, 16, 11, and 12) in vertebrate skin has been competently reviewed by Selby (12) . The present study confirms the existence of a moderately dense homogeneous membrane lying below the basal surface of the basal epidermal cells and not penetrated by dermal collagen filaments (Figs. 15  and 16 ). This membrane varies in thickness between 150 and 400 A and is separated from the epidermal cell membrane by a uniform band of lesser density 300 A in thickness. The dense homogeneous membrane is comparable to the "limiting membrane" described by Yamada (33) between the lamina propria and the epithelium of the gall bladder.
The historically varied terminology for basement membranes has thus been complicated by the observations of electron microscopists. The term basement membrane was employed by Porter (11) and Ottoson et al. (23) , to designate the dense submicroscopic membrane. Weiss and Ferris (16) identify the structure only as "continuous sharp interface" above the "basement lamellae" of collagen. Selby named the membrane "dermal membrane" in order to distinguish it from other basement membranes (12) . The widely used, ill defined term "basement membrane" has been retained in the present communication. Further studies should define more clearly the relationship between the fine subepidermal membrane and the similar structures about capillaries, and various epithelia.
The dense plates disposed along the basal cell membrane have been noted in amphibian epidermis by Porter (11) , who associated them with the anchoring of intraepithelial filaments, and by Weiss and Ferris (16) , who resolved a fine substructure in these elements. They have been described in human epidermis by Selby (12) . The present study confirms the essential findings of Selby. But there is some question concerning her speculation that these densities reflect the anchoring sites of tonofilaments, inasmuch as they are demonstrable in the basal aspect of the plasma membrane of the melanocyte--a cell type apparently devoid of intracellular fibrils (Fig. 18) . It would seem that these dense plates disposed toward the dermis in both epidermal cell and melanocyte may be related more generally to attachment phenomena of the epithelial cell to structured components of the supporting dermis; this speculation is reinforced by the observations of Weiss and Ferris (16) , who demonstrated a precise geometric relationship between the "bobbins" in the epidermal cell membrane and underlying orderly collagen patterns.
In the text of the present communication, emphasis was placed on the presence of vesicles just within the plasma membrane in the basal portion of the epidermal cell. The location of the vesicles suggests this avenue for metabolic exchange between the capillary bed of the dermis and the avascular epidermis (cf. 30).
The author is pleased to acknowledge the technical assistance of Mrs. Phyllis Gaffe in the preparation of material for electron microscopy; he further wishes to acknowledge the generous support and helpful advice of Professor H. S. Bennett.
Note Added to Proof.--Since submitting this manuscript, the author has had the privilege of reading the paper of Horstmann and Knoop on electron microscopy of the epidermis (Z. Zdlforsch., 1958, 47, 348) . Horstmann illustrates complex lamellar densities between attachment plaques in epidermis of rat foot pads. The linear densities in his micrographs differ in position and number from those described in the present communication. It is not clear whether these differences represent species differences or variations in preparative technique. Interested readers are encouraged to examine Horstmann's publication. 1 
EXPLANATION OF PLATES
All figures are electron micrographs of adult human forearm skin fixed in buffered osmic acid. Except where otherwis6 indicated, the length of the bracket appearing on each print indicates one micron. Higher magnification of a melanocyte demonstrating the basement membrane beneath the cell. In addition, there will be seen mlcrovilli (my) of the melanocyte interdigitating with microvilli of the overlying basal epidermal cell; however, no intercellular attachments can be seen between the two cell types. Single unlabellcd arrow indicates a cytoplasmic process lying between two adjacent basal cells The presence of a melanin particle in this process is to be noted. Observe, incidentally, the extensive ramifications of microvilli between the basal epidermal cells (cf. Figs. 13 and 14) . Observe pigment particles (p) in melanocyte (M), and basal cells (BC). 
